Reconstruction of attosecond pulses in the presence of interfering
  dressing fields using the 100 kHz ELI-ALPS HR-1 laser system by Hammerland, D. et al.
Reconstruction of attosecond pulses in the presence of interfering dressing fields using
the 100 kHz ELI-ALPS HR-1 laser system
D. Hammerland∗ and P. Zhang∗
Laboratorium fu¨r Physikalische Chemie, ETH Zu¨rich,
Vladamir Prelog-Weg 2, Zu¨rich 8093, Switzerland.
S. Ku¨hn, P. Jojart, I. Seres, V. Zuba, Z. Varallyay, and K. Osvay
Extreme Light Infrastructre Attosecond Laser Pulse Source,
Wolfgang Sandner utca 3, 6728 Szeged, Hungary.
T. T. Luu† and H. J. Wo¨rner
Laboratorium fu¨r Physikalische Chemie, ETH Zu¨rich,
Vladamir Prelog-Weg 2, Zu¨rich 8093, Switzerland
Attosecond Pulse Trains (APT) generated by high-harmonic generation (HHG) of high-intensity
near-infrared (IR) laser pulses have proven valuable for studying the electronic dynamics of atomic
and molecular species. However, the high intensities required for high-photon-energy, high-flux HHG
usually limit the class of adequate laser systems to repetition rates below 10 kHz. Here, APT’s gen-
erated from the 100 kHz, 160 W, 40 fs laser system (HR1) of the Extreme Light Infrastructure
Attosecond Light Pulse Source (ELI-ALPS) are reconstructed using the Reconstruction of Attosec-
ond Beating By Interference of two-photon Transitions (RABBIT) technique. These experiments
constitute the first attosecond time-resolved photoelectron spectroscopy measurements performed
at 100 kHz repetition rate and the first attosecond experiments performed at ELI-ALPS. These
RABBIT measurements were taken with an additional IR field temporally locked to the extreme-
ultraviolet APT, resulting in an atypical ω beating. We show that the phase of the 2ω beating
recorded under these conditions is strictly identical to that observed in standard RABBIT measure-
ments within second-order perturbation theory. This work highlights an experimental simplification
for future experiments based on attosecond interferometry (or RABBIT), which is particularly useful
when lasers with high average powers are used.
I. INTRODUCTION
Ever since the discovery of high-harmonic generation
(HHG) [1], it has proven a valuable source of tabletop
extreme-ultraviolet (XUV) radiation. As an added bene-
fit over synchrotrons and X-ray free-electron lasers, HHG
can produce laser pulses with attosecond temporal dura-
tion [2, 3], making it a powerful tool for studying elec-
tronic dynamics on sub-femtosecond time scales [4–17].
If a many-cycle infrared (IR) pulse is used for HHG, a
set of discrete XUV harmonics are produced, resulting in
an attosecond pulse train (APT) [2, 3].
Characterizing these APT’s is challenging as tradi-
tional methods of optical gating, such as Frequency Re-
solved Optical Gating [18] and Spectral Phase Interfer-
ometry for Direct Electric-field Reconstruction [19], re-
quire passing the pulse through an optical medium, all of
which are highly absorptive in the XUV range and thus
unsuitable for APT characterization. As a result, the
Reconstruction of Attosecond Beating By Interference of
two-photon Transitions (RABBIT), was developed in or-
der to characterize APT’s [3, 20, 21]. In this method,
two adjacent harmonics photoionize an atom in the pres-
ence of a long-wavelength field, usually the generating
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IR field, resulting in the creation of side bands. The
corresponding side-band intensity beats at twice the fre-
quency of the IR pulse with an offset phase corresponding
to the spectral-phase difference of the neighboring har-
monics and the atomic phases [22]. These atomic phases
have been measured experimentally and can be reason-
ably predicted by theory for atoms [10] and molecules
[23], allowing for one to obtain solely the XUV spectral
phase, which enables the reconstruction of the APT.
A critical aspect of progressing the application of
APT’s is increasing the repetition rates of the gener-
ating IR laser systems. Historically, the peak intensi-
ties necessary for high-flux or high-photon-energy HHG,
typically > 1014 W/cm2, have meant that viable laser
systems were limited to amplifiers bottle-necked to less
than 10 kHz repetition rates. Although other methods
such as enhancement cavities [24–26] or tight-focusing
geometries with lower pulse power [27–30] have achieved
HHG at higher repetition rates, both methods introduce
additional experimental challenges that can limit their
applicability. The Extreme Light Infrastructure Attosec-
ond Light Pulse Source (ELI-ALPS) facility [31] has been
constructed in order to push the frontiers of attosecond
science. This facility boasts the High Repetition-1(HR-
1) laser system that is designed to eventually produce >
1 mJ pulses with sub-7 fs pulses at 100 kHz, making it
the first of a new generation of high-pulse-energy, high-
repetition-rate, femtosecond laser systems.
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FIG. 1. Schematic of the attosecond beamline.
A considerable challenge of these high-average-power
systems is the thermal load on the optical components,
resulting from even small fractions of the absorbed high
average laser power. This is particularly problematic for
the few-hundred-nanometer-thick metallic foils that are
used to separate the XUV light from its generating IR
light. We establish a theoretical framework for RAB-
BIT measurements realized in the presence of a residual
generating IR field that is temporally locked to the XUV
APT. This IR field interferes with the delayable, dressing
IR field and results in a side-band oscillation frequency
of ω, the angular frequency of the IR field generating
the harmonics, in addition to the traditional 2ω oscilla-
tion. We show that the latter encodes exactly the same
information as traditional RABBIT measurements per-
formed in the absence of the locked IR field. This method
proves to be a valuable extension of the traditional mea-
surement schemes as it captures the same information as
traditional RABBIT, but operates without the need for
fragile XUV filters.
Section 2 of this work describes the ELI-ALPS HR-
1 laser system, the beamline used for our experiments,
and further discusses the challenges of working with high-
repetition-rate, high-pulse-energy laser systems. Section
3 focuses on the effect of the temporally locked IR pulse
on the RABBIT experiments. Section 4 details a method
of reconstruction of the XUV APT and applies it to the
XUV field used in this work. Section 5 summarizes the
results.
II. EXPERIMENTAL SETUP
A. ELI-ALPS HR-1 system
The APT was generated using the state-of-the-art ELI
ALPS HR-1 laser system. The ytterbium-fiber, chirped-
pulse amplifier consists of eight separate amplifiers that
are temporally synchronized to output 3 mJ, 200 fs, laser
pulses of central wavelength 1030 nm at 100 kHz, sum-
ming to an impressive 300 W average power. After
the main amplifier, the beam passes through a hollow-
core-fiber compression stage where self-phase-modulation
broadens the spectrum to support a 40 fs pulse. The
1.6 mJ pulses exiting the fiber are actively pointing sta-
bilized with a beam-pointing system and then diverted
through a half-wave-plate and a thin-film polarizer to
implement a continuous power adjustment. The beam is
expanded using ultraviolet fused silica lenses to a 1/e2 di-
ameter of 15 mm and a water-cooled 20 mm aperture. In
this configuration, the maximally available average power
is around 120 W. Prior to entering the attosecond end
station, the pulse duration is compressed to ∼40 fs using
a chirped mirror compressor.
B. HHG and attosecond beamline
The attosecond beamline used with the HR-1 laser is
shown in Figure 1. The laser light was focused for HHG
using a 350 mm focal length, 1030 nm high-reflectivity,
spherical mirror. The HHG target was a custom-made
finite gas-cell chamber with a stainless steel target en-
capsulated in a differentially pumped cell (excluded for
clarity). The metal target was backed with 300-400 mbar
of argon.
After HHG, the emitted harmonics and co-propagating
IR fields passed concentrically through an 8 mm hard
aperture for heat dissipation and then an iris. This iris
was positioned under vacuum using a motorized stage
such that the XUV light and the iris center are con-
centric. The iris opening was then adjusted such that
the IR intensity would only induce single-photon transi-
tions during the RABBIT measurements [32]. The co-
propagating IR light is helpful in the alignment of the
XUV light into an XUV spectrometer. The XUV light is
incident at 3◦ onto a variable-line-spacing grating that
then disperses the XUV light onto an imaging multi-
channel plate (MCP) that emits onto a phosphor screen
for detection with a camera. An anodized aluminum
blocker is used to prevent the zeroth-order reflection from
damaging the MCP.
After the HHG spectrum has been optimized, a pas-
sively stable dual-mirror assembly is inserted into the
beam path for focusing the IR and XUV light onto the
target. A piezo-controlled stage is used to adjust the
time delay between the XUV and IR pulses. The in-
ner mirror was a custom-made XUV multi-layer mirror
(AXO Dresden GmbH) with a reflectivity designed to be
centered at ∼43 eV and a ∼7 eV bandwidth, as shown
in Figure 2. By dividing the a static PES from neon
by the photoionization cross section, as shown in Figure
2, the XUV spectra can be approximated. This demon-
strates how the mirror allows for the isolation of a small
group of XUV harmonics. This XUV mirror has a ra-
dius of curvature (ROC) of 0.500 m. The outer mirror
was a high-reflectivity, 1030 nm optic, also with a ROC
of 0.500 m. The XUV and IR light were then focused
in front of a 0.500 m field-free time-of-flight (TOF) spec-
trometer. This apparatus has been described in detail in
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FIG. 2. Plot of the absolute XUV mirror reflectivity (red)
and the cross-section-corrected photoelectron spectrum (blue)
(PES). This is obtained by dividing a measured PES by the
photoionization cross section at a particular photon energy.
The result is the approximate XUV photon spectrum.
[13].
After the light passes through the sample, it is guided
towards an imaging setup. This allows for fine position-
ing of the sample target and beam focus relative to the
TOF skimmer. Further, it can be used to monitor the
IR beam positions and focal parameters.
C. 100 kHz considerations
Two major challenges of using high-intensity, high-
repetition-rate laser systems are managing the high ther-
mal load on the optics and the high speed of data ac-
quisition. When working with an average power output
exceeding 100 W, even a 99% reflectivity results in over
1 W of optical power being absorbed, enough to cause
wavefront distortion from local heating of the optics. As
a result, it was critical to use highly reflective, > 99.9
%, 1030 nm optics for all guiding optics and for focus-
ing into the HHG chamber and interaction region of the
TOF spectrometer.
An additional problem that arose was the inability to
use metallic foils for filtering the XUV light from the gen-
erating IR light. These 200-nm aluminum foils (Lebow
Company) burnt at incident-power levels of only 10 W.
The theoretical implications of this additional temporally
locked IR field on the measured data are addressed in Sec-
tion 4. An additional challenge arising from the impossi-
bility of using filters is that the XUV light co-propagates
onto the XUV mirror with a portion of its generating IR
field, preventing their separation. However, the imaging
setup did not reveal notable thermally induced deforma-
tion of the XUV mirror, as seen by the stability of the
IR beam profile during operation. Additionally, the PES
was constant over these times, so that the XUV beam
distortion also appeared to be negligible. Thermal ex-
pansion of the XUV mirror was, however, observed. The
temporal distortion of the measurement was prevented
by allowing the XUV mirror to thermalize before scans.
Wherever beam attenuation was needed considerable
efforts were made to dissipate heat actively in order to
optimize stability. Custom water-cooled elements were
added throughout the system, as shown in Figure 1. The
15 mm hard aperture before the chirped mirror compres-
sor and the post-HHG, 8 mm, hard aperture are both
connected to a closed, chilled water loop that was used
to dissipate approximately 20 W and 35 W, respectively.
The HHG target featured a similar cooling system. This
increased the stability of the HHG and mitigated thermal
damage to the HHG target.
In order to record the time-of-flight signals at high rep-
etition rate, we employed a high-speed digitizer (Keysight
Technologies U5309A PCIe, 2 GS/s, 2 channels, 8
bits) directly connected to the MCP output. Although
Keysight Technologies could provide the firmware option
to do on-the-fly averaging, we found that the triggered
simultaneous acquisition and readout mode already sup-
ports real-time acquisition at 100 kHz. By making use
of the ring buffer, optimal direct memory access trans-
fer can be obtained such that each data transfer is very
close to one megabyte per transfer. In this case, a Lab-
VIEW virtual instrument can be written to simultane-
ously record and transfer the data from the digitizer to
the computer in parallel. As a result, we can record the
full time-of-flight spectrum for every laser shot using the
digitizer and average the signals on the CPU in real time
at 100 kHz for time-of-flight intervals of 400 ns. This
is sufficient for all of the measurements presented in this
work. For longer time-of-flight intervals the actual acqui-
sition speed drops but even for extremely long intervals,
the achievable recording speed hardly falls below 50 kHz.
By repeating the data acquisition and averaging for ev-
ery time delay, we obtained the RABBIT traces, making
use of all of the laser shots at 100 kHz.
III. RESULTS
As mentioned in Section II C, a notable challenge of
high-average-power HHG experiments comes when at-
tempting to isolate the XUV photons from their generat-
ing IR light. Few-hundred-nanometer-thick metallic foils
have been historically used to remove the IR light and
compensate for the attochirp. These foils, however, are
notoriously fragile and cannot handle the high average
power present in high-repetition-rate, high-pulse-energy
laser systems. Annular beams can be used to generate
spatially separated XUV and IR pulses [33], but masks
used to block out the central areas of the generating
beam also suffer from damage-threshold issues with high-
average-power systems and drilled mirrors are costly and
sacrifice generating power required for the HHG process.
In this work, a new method is introduced and demon-
strated wherein the IR light was not separated from the
XUV light, but rather used in combination with the de-
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FIG. 3. False-color representation of a) the attosecond PES
scan, b) the Fourier transform amplitude of the scan along
the time axis, showing oscillations with angular frequencies
of both ω and 2ω.
layed IR light. This additional laser field can be easily
incorporated in the common RABBIT framework by in-
troducing a second IR field that is temporally locked to
the XUV APT. Adding this field and following through
the standard RABBIT derivations (see appendix), the
typical RABBIT sideband oscillations [22],
SB(τ) ∝ cos (2ωτ + ∆φXUV + ∆φatomic), (1)
are still preserved, although they are additionally accom-
panied by oscillations at angular frequency ω. Neverthe-
less, the phases of the 2ω oscillations are strictly identi-
cal to the situation encountered in traditional RABBIT
experiments. In Eq. (1) ∆φXUV represents the spectral-
phase difference between the next-higher and next-lower
harmonic orders, whereas ∆φatomic represents the corre-
sponding atomic-phase difference.
The relative intensity of the ω- and 2ω- oscillations is
proportional to the relative intensity of the delayed and
locked IR fields. In the limit of a zero-intensity locked
IR field, the standard RABBIT scheme is recovered and
the 2ω oscillations dominate. When the delayed IR is
of zero intensity, a static spectrum is expected. These
limits were observed during the implementation of the
experiment.
Figure IIIa) shows an attosecond PES trace measured
in neon. The 1030 nm generating field has an optical
period of 3.4 fs, which dominates the oscillations. How-
ever, Fourier transformation along the temporal-delay
axis, shown in Figure IIIb), reveals that weaker 2ω os-
cillations are also present in the data. This places the
measurement in the limit of a weak delayed IR field rel-
ative to the locked IR field.
IV. PULSE RECONSTRUCTION
The phase of the 2ω oscillations in each sideband were
extracted by taking the angle of the complex average
of the Fourier transform across the photoelectron-energy
bandwidth of each sideband. The phases of the side-
bands are plotted (blue) in Figure 4a). From each of
these values, the difference of the atomic phases of the
neighboring harmonics taken from [10] were subtracted
to determine the XUV spectral phase, ∆φXUV , by con-
catenation. More precisely, the highest-energy sideband
was chosen for the zero-phase value in the reconstruc-
tion and the relative phases of the harmonics were then
found by successively adding the phase difference from
one harmonic to the next. We note that the determina-
tion of accurate error bars from these measurements rep-
resents a significant challenge, as instability in gas pres-
sure, laser fluctuations, mirror assembly temperature and
stability all play a significant role but cannot be recorded
on a shot-to-shot basis. Here they were approximated by
adding in quadrature the scan-normalized signal-to-noise
ratios with the standard deviation of the weighted phase
values.
The spectral intensity of each harmonic was produced
by dividing the PES by the associated neon 2p photoion-
ization cross section [34]. Delta functions at the XUV
harmonic energy were assumed to approximate the APT
near the center of the pulse. These fields were superim-
posed with their corresponding relative phases and the
intensities in order to reconstruct the APT, Figure 4b)
(blue), near the center of the pulse. The CEP of the
XUV APT cannot be determined within the RABBIT ap-
proach, but the envelope (red) can be shown with higher
certainty.
V. CONCLUSION AND OUTLOOK
This paper describes the first attosecond time-resolved
experiments realized in the ELI-ALPS facility and marks
the first demonstration of 100 kHz attosecond PES, rep-
resenting a substantial step forward in the development
of table-top attosecond experiments. These higher ac-
quisition rates open up exciting avenues for emission-
angle-resolved attosecond photoelectron spectroscopy in
all phases of matter and will be particularly valuable
for electron-ion-coincidence type measurements that cur-
rently remain repetition-rate limited.
The RABBIT technique has been tailored to work with
an additional IR pulse temporally locked to the XUV
APT. The manifestation of this pulse in the PES is an ω
oscillation in addition to the usual 2ω oscillation. Theo-
retically, the 2ω oscillations were shown to encode identi-
cal information as in the standard RABBIT scheme. This
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FIG. 4. Reconstruction of the APT. a) Phase extracted from
the 2ω oscillations shown in Figure 3 and reconstructed spec-
tral phase, after taking into account the atomic phases, b)
attosecond structure of the generated APT (blue) and its en-
velope (red). τ represents the full width at half maximum
(FWHM) of the electric-field envelope of ∼290 as, correspond-
ing to an intensity FWHM of ∼205 as.
opens the possibility of performing RABBIT measure-
ments without the need for fragile filters and will thereby
benefit attosecond pulse metrology as well as measure-
ments of attosecond photoionization delays at high rep-
etition rates and high average powers.
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APPENDIX
Here, we derive the expressions for the side-band-
intensity oscillations relevant for the interpretation of the
present experimental results. For simplicity, we restrict
the description of the XUV APT to that of two neigh-
boring harmonics of orders q + 1 and q − 1
EXUV(t) =
(
Aq+1e
i
(
(q+1)ωt+φq+1
)
+
Aq−1e
i
(
(q−1)ωt+φq−1
)
+ C.C.
)
, (A2)
where φq+1 and φq−1 are the relevant spectral-phase com-
ponents and C.C. stands for complex conjugate. We fur-
ther describe the IR field as consisting of two compo-
nents, one that is temporally locked to the XUV APT
and one that is delayable (with delay τ) with respect to
it:
EIR(τ, ω) =
(
Alockede
i(ωt+φrel) +A∗lockede
−i(ωt+φrel)
+Adelayede
iω(t−τ) +A∗delayede
−iω(t−τ)
)
. (A3)
Following the standard framework of second-order per-
turbation theory of RABBIT, the induced polarization
of the combined XUV and IR pulses describing two-color
two-photon ionization of an atom can be written as
P (τ, ω) ∝
(
Alockede
i(ωt+φrel) +A∗lockede
−i(ωt+φrel)
+Adelayede
iω(t−τ) +A∗delayede
−iω(t−τ)
)
×
(
Aq+1e
i
(
(q+1)ωt+φq+1+φ
at
q+1
)
+Aq−1e
i
(
(q−1)ωt+φq−1+φatq−1)+ C.C.),
(A4)
where φatq+1 and φ
at
q−1 are the relevant atomic phases re-
sulting from two-color two-photon ionization. Hence, the
6result is merely the superposition of two RABBIT-like
polarizations, one generated from the locked IR field and
one generated from the delayed IR field:
P (τ, ω) ∝ AdelayedAq+1ei
(
(q+2)ωt−ωτ+φq+1+φatq+1
)
+A∗delayedAq+1e
i(qωt+ωτ+φq+1+φ
at
q+1)
+AdelayedAq−1ei(qωt−ωτ+φq−1+φ
at
q−1)
+A∗delayedAq−1e
i
(
(q−2)ωt+ωτ+φq−1+φatq−1
)
+AlockedAq+1e
i
(
(q+2)ωt+φrel+φq+1+φ
at
q+1
)
+A∗lockedAq+1e
i(qωt−φrel+φq+1+φatq+1)
+AlockedAq−1ei(qωt+φrel+φq−1+φ
at
q−1)
+A∗lockedAq−1e
i
(
(q−2)ωt−φrel+φq−1+φatq−1
)
+ C.C.
(A5)
Examining the polarization at frequency qω, correspond-
ing to the side-band oscillation we find
Pq(τ, ω) ∝ A∗delayedAq+1ei(qωt+ωτ+φq+1+φ
at
q+1)
+AdelayedAq−1ei(qωt−ωτ+φq−1+φ
at
q−1)
+A∗lockedAq+1e
i(qωt−φrel+φq+1+φatq+1)
+AlockedAq−1ei(qωt+φrel+φq−1+φ
at
q−1).
(A6)
The intensity oscillation at the relevant 2ω frequency is
Sq,2ω(τ) ∝ |Pq,2ω(τ, ω)|2 ∝
2 + 2 cos(2ωτ + φq+1 − φq−1 + φatq+1 − φatq−1),
(A7)
which is identical with the standard RABBIT situation
and is reproduced as Eq. (1) in the main text, with the
correspondence ∆φXUV = φq+1 − φq−1 and ∆φatomic =
φatq+1 − φatq−1.
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